Nanogranular Ag/Fe/Ag films were prepared by magnetron sputtering from a silver and an iron target onto glass substrates at room temperature and subsequent in situ annealing. The structural and magnetic properties of the films were investigated as a function of silver layer thickness and annealing temperature. X-ray diffraction shows the Fe(110) peak is formed in all the samples. Vibrating sample magnetometer measurements indicate that the magnetic moments lie well perpendicular to the film plane. Coercivity reaches the maximum in the sample annealed at 500 • C for 30 min with 3 nm Ag layer. A scanning probe microscope was used to scan surface morphology and magnetic domain structures. In as-deposited samples the average grain size and the average roughness is smaller than that the annealing samples. After annealing, the grain size is larger and the contrast of domains increases, but the domain size becomes smaller.
I. INTRODUCTION
The popularity of the computer Internet and mobile digital recording devices has further increased the demand of high recording density to store data. At high recording density, the volume of the magnetic switching unit becomes smaller and consequently heightenes the concerns related to recording medium thermal stability. If the volume of each bit cell has been reduced dramatically, the super-paramagnetic effect will occur; the media can lose stored data easily. Hence, it is necessary to search for new high magnetic anisotropy materials in order to continue to increase the magnetic recording density. Perpendicular magnetic recording is considered to be one of promising candidates to achieve ultrahighdensity magnetic recording with an area recording density of more than 300 Gb/in 2 . Iron-based alloy materials such as FePt [1, 2] , Fe/Cr [3] , Fe/Ti [4, 5] as ultrahighdensity recording media have been received much attention in further enhancement of magnetic recording density. Magnetic thin films encapsulated in a nonmagnetic matrix have been a focus of research. A nonmagnetic matrix can provide good isolation among magnetic grains to reduce the intergranular exchange interaction and media noise. In this way, the structure and magnetic properties of films are remarkably improved. The idea of diffusing metals from nonmagnetic underlayer and overlayer into magnetic grain boundaries have been reported for materials C, Cr [3] , Pt [1, 2] , Ag [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , Al, Cu, and so on. And silver underlayer is quite advantageous to growing films. In this work, we chose silver as the nonmagnetic underlayer and overlayer.
Chemam et al. reveals that magnetic properties of Fe/Ag superlattices depend on the Ag layer thickness [24] . [Fe(20Å)/Ag(t)] 20 superlattices with silver film thickness varying from 7Å to 20Å were prepared by molecular beam epitaxy on polished (001) MgO substrate. The iron and silver thickness was controlled using a quartz crystal oscillator, and the deposition rate was maintained at 1Å/s. X-ray diffraction (XRD) was used to check the crystal structure. Magnetic measurement was performed at 4.2 K using a vibrating sample magnetometer (VSM).
The magnetic hysteresis loops measured at 4.2 K illustrate that the easy magnetization direction of Fe/Ag superlattice is in the plane of the films, because in the parallel configuration the magnetization saturates more rapidly than in the perpendicular configuration. The magnetization saturation (M s ) is independent of silver thickness and the average value of M s is 1655 emu/cm 3 . It is interesting to note that the average magnetization is close to 1750 emu/cm 3 for bulk Fe. At the same time the analysis of the hysteresis loops shows a dependence of the interface anisotropy on the silver film thickness.
Baszynski et al. investigated the magnetic properties of ultra-thin films in Ag/Fe/Ag sandwiches [25] . The samples were prepared by electron beam evaporation from two electron guns onto a glass substrate under a vacuum of about 10 µPa. The Fe sublayer thickness varied from about 1 nm to 8 nm. The Ag sublayer thicknesses were 18 nm for the buffer layer and 7 nm for the coating layer. The thickness and deposition rate (about 0.03 nm/s) were monitored by a quartz crystal oscillator and controlled by energy dispersive analysis of X-rays (EDAX) measurements. The samples were poly-crystalline with texture (111) for Ag and (110) for Fe sublayers. The quality of the samples was deduced from low-angle X-ray diffraction. The presence of finite-site peaks signifies very sharp Ag/Fe and Fe/Ag interfaces. This was also confirmed from the resonance linewidth which was relatively narrow. ∆Hpp was between 6.3 and 16 kA/m for various thicknesses of the iron sublayer.
Recently, oscillation in exchange coupling have been found in Fe(110)/Ag(111) multilayer [26] , and giant magnetoresistance has been observed in sputtered Fe/Ag superlattices [27] . Ferromagnetic resonance, magnetization and torque measurements performed on Fe/Ag superlattice shows a perpendicular magnetization which is attributed to the magnetic interface anisotropy [28, 29] . The ferromagnetic resonance, the magnetization saturation moments and giant magnetoresistance (GMR) Fe/Ag superlattice was paid much attention. However, there have been only a few experimental investigations of magnetic properties and microstructurewhen using amorphous glass substrates and simple preparation conditions.
In situ annealing was an approach to improve magnetic properties by controlling the microstructure [30, 31] . By annealing process, the lattice mobility of the atoms was enhanced, and the lattice relaxed to a more energetically favorable state. Thermal agitation resulted in considerable interdiffusion of the layers of lattice, reducing and eventually eliminating the advantages of depositing the multilayer structure [32] . Moreover, the annealing treatment results in the nonstable recrystallization, which results in greatly enhanced properties.
In this work, we prepared the Ag/Fe/Ag films using amorphous glass substrates. Ag/Fe/Ag granular films were fabricated onto glass amorphous substrates using dc facing-target magnetron sputtering system. The microstructure and magnetic properties of Ag/Fe/Ag pseudo-sandwich nanogranular and the effects of silver layer thickness on magnetic properties and microstructure of Ag/Fe/Ag granular films were investigated. The structure and magnetic properties of as-deposited and annealed films were also investigated. The improvement in magnetic properties by annealing was attributed to enhanced structural properties of the magnetic film.
II. EXPERIMENTS
The Ag/Fe/Ag granular thin films were deposited by magnetron sputtering from a silver target and an iron target onto glass substrates at room temperature. The silver target and iron target used dc facing-target sputter deposition mode. Silver and iron layer were sputtered alternatively. The thickness of films was determined using the deposition time and rate. For all the samples, preparation condition were the same, as follows.
The base pressure of the chamber was higher than 10 µPa and sputtering was carried out in 1 Pa Ar atmosphere. The as-deposited films were subsequently annealed at 200, 300, 400, 500 and 600
• C for 30 min, and the vacuum for the in situ annealing treatment was higher than 10 µPa.
The in-plane and out-of-plane coercivities were measured at room temperature using a 7310 type vibrating sample magnetometer (VSM). The crystallographic structures of the samples were analyzed by Xray diffraction (XRD) with Cu Kα radiation. A scanning probe microscope (SPM) was used to scan surface morphology and magnetic domain structures.
III. RESULTS AND DISCUSSION
A. Effects of Ag layer thickness on microstructure and magnetic properties Figure 1 shows the in-plane and out-of-plane coercivity of the films at various thickness of silver. The results of magnetic measurement indicate that out-of-plane coercivity values are more than in-plane coercivity values in all the Ag(t nm)/Fe(35 nm)/Ag(t nm) (t=1, 2, 3, 4, 5) films. The out-of-plane coercivity (H c ) values first increase then decrease, and the maximum H c =260 Oe is at 3 nm silver layer thickness. This reveals that all samples show a markedly perpendicular anisotropy. It is seen that the silver layer thickness is very effective to improve the magnetic properties of Ag/Fe/Ag films. The behavior may originate from iron atoms deposited on different thickness of silver underlayer. Silver atoms diffuse to the magnetic grains boundary, which results in the enhanced grain isolation. The isolation between magnetic grains can reduce the exchange coupling interaction among magnetic grains, it can enhance the coercivity to some extent. The thickness of Ag layer importantly affects the magnetic property of the samples. Figure 2 shows the AFM and MFM images of Ag(t nm)/Fe(35 nm)/Ag(t nm) (t=3 and 5) films with different silver layer thickness. All AFM and MFM images are obtained in the same region of films in a consecutive scan. AFM observation indicates that the silver thickness remarkably affects the grain size and the average roughness R a . When the silver layer thickness is 3 nm, the average roughness R a is 0.6 nm, and the minimum grain size is 4.4 nm. With the increasing of silver layer thickness, the average roughness increases. It is indicated that appropriate silver layer thickness improves the grain size to fine and distributed homogeneously. The enhancement of the surface morphology is probably because an appropriate silver layer may separate island-like grain distributed on the substrate. Once silver grains between iron particles are developed, high diffusion barriers prohibit further grain growth and coalescence. Thus, the isolation of silver atoms plays an important role in inducing the order texture. However, a thicker silver layer was no longer separate but rather continuous, so interdiffusion between the underlayer and magnetic layer become easy. The MFM images give the domain structures of the particles in the films. Dark and light regions represent the magnetic clusters which the magnetic moments align in the same direction. From the MFM images, it can be seen there are obvious magnetic clusters in all the film images, and the samples have strong magnetic properties. It may be noticed that the domains look continuous across the adjacent particles, it is bigger than single domain size. The multiple domains have strong exchange coupling action. In annealing samples, the contrast of domain is raised and the perpendicular magnetic moment increased, and the size of the domain become smaller. This conclusion agrees with the result of magnetic measurement that the perpendicular coercivity of the sample reaches the maximum (See Fig.1 ). The crystallographic structure of the samples were analyzed by X-ray diffraction with Cu Kα radiation. A few diffraction peaks such as Ag(111) and Fe(110) were observed in the as-deposited films and the intensity of peaks were weak. The occurrence of Ag(111) and Fe(110) peaks indicates that the fcc Ag crystalline phase and bcc Fe crystalline phase have been formed in the as-deposited films.
B. Effects of the post annealing temperature on microstructure and magnetic properties Figure 3 shows the dependence of both in-plane and out-of-plane coercivity on the annealing temperature respectively. All samples show strong perpendicular anisotropy. The best properties were observed at temperature T a =500
• C, the maximum coercivity H c =2600 Oe. There is an improvement in the magnetic properties compared to the as-deposited samples. The behaviors may originate from the annealing. Annealing at high temperature leads to a relaxation of the magnetic properties indicating the effects of atoms dif- fusion on the magnetic properties are caused by atomics intermixing of silver in the iron-layer and iron in the silver-layer. Since the cohesive energy of Ag (3.0 eV) is smaller than that of Fe (4.25 eV). Silver atoms are more likely to segregate to magnetic grain boundaries. XRD data in θ-2θ scan mode were collected in order to analyze structure properties. Figure 4 shows the XRD patterns of as-deposited sample and sample annealed at 500
• C for 30 min. It is seen that there are only Ag(111) and Fe(110) peaks in these films. This is single-phase fcc-Ag and bcc-Fe. For the annealed film, the relative intensity of Ag(111) and Fe(110) diffraction peaks increases, but the full width half maximum (FWHM) decreases. The decrease corresponds with the crystalline grain size becoming bigger. At the same time, the peak-position moves towards larger 2θ value as annealing temperature T a increase, which correlates with the lattice constant decreasing with increasing T a . This is because more silver atoms, which are interstitially located in the iron cells for the as-deposited film, are segregated into the grain boundaries with increasing T a . All the analysis of the films indicates that the annealing improves the perfection of growth orientation and promotes magnetic grain growth. Although Fe(100) is the easy magnetization axis, whereas in samples of this experiments, Fe(110) is the preferential growth orientation. We considered that, in these samples, the shape anisotropy energy is dominant but the magnetocrystalline anisotropy energy can be neglected. Figure 5 shows the out-of-plane coercivity of Ag(t nm)/Fe(35 nm)/Ag(t nm) (t=1, 2, 3, 4, 5) asdeposit films and 500
• C annealed films as a function of silver layer thickness. Coercivities have a strong dependence on silver layer thickness. It is seen that the variation trends of the coercivity with silver layer thickness are similar in as-deposited films and annealed films. The coercivity values first increase then decrease. By annealing the perpendicular coercivity values have a complete increase. The coercivity value reaches the maximum at 3 nm silver layer thickness, the maximum values of the perpendicular coercivity and the parallel coercivity are obtained about 2600 and 200 Oe. We know that, under equilibrium conditions, the mutual solubility of Fe and Ag is very low in both the solid and liquid forms. The solubility of Ag in solid Fe is less than 0.022 %. However, under non-equilibrium condition, the Fe/Ag system could form metastable solid solution.
In this type of material, the annealing treatment results in the recrystallization of the metastable Fe-Ag alloy into separate Fe and Ag phase, leading to the formation of small Fe particles which exhibits greatly enchanced magnetic properties because of their singledomain nature [33] . In this works, appropriate silver layer thickness and annealing temperature can promote silver atoms and iron atoms diffuse to each other. Magnetic grains are segregated, and the intergrainsinteraction reduces. The annealing treatment tends to raise coercivity, which is consistent with the result of the XRD as shown in Fig.4 . SPM was used to scan surface morphology (AFM images) and magnetic domain structure (MFM images). Figure 6 shows the MFM images of the as-deposited and annealed at 500
• C films. Dark and light regions represent the magnetic clusters in which the magnetic moments align in the same direction, parallel or nonparallel to the film normal. From Fig.6 , obvious magnetic cluster can be seen in all the film images. This shows that the magnetic properties of the samples are strong. Weak and dispersed magnetic domains are observed in the MFM images at room temperature. In the annealed sample, the contrast of domain is raised and the perpendicular magnetic moment increases, and the size of domain becomes smaller, the average domain size is 5 nm. This agrees with the result of magnetic measurement that the perpendicular coercivity of the sample reaches the maximum. The surface roughness of asdeposited and annealed films on Ag layer thickness is also investigated. For as-deposited films, with the increasing of silver layer thickness, the average roughness increases. When the silver layer thickness is 3 nm, the average roughness reaches the minimum. For the annealed samples the average roughness slightly changes with increase in Ag thickness. This result also indicates that annealing improves the smoothness of the film surface. The saturation magnetization is reduced compared with other reports, implying that intergranular coupling due to the demagnetization effects likewise reduce. But this kind of interaction is not distinct, so we turn to analyze the δM curves to help us measure the relative change in each. The δM , which is used to investigate the intergranular interaction, is derived from the relationship between the DCD and IRM. In δM curves where M d (H) is the DCD remnant magnetization and M r (H) is the IRM initial remnant magnetization. In the Stoner-Wolfarth model, where there are no intergranular interaction, δM vanishes. The effects of neighboring grains can be analyzed in terms of the deviation of δM from zero: positive deviations imply exchange interactions while negative deviations imply dipolar interactions [34, 35] . We analyzed the δM curves of Ag(3 nm)/Fe(35 nm)/Ag(3 nm) annealed at 500
• C for 30 min. The shape of curve shows negative deviations, so we think that the exchange interaction is mitigated, magnetostatic interactions is the major cause. By annealing, the silver atoms diffuses to the iron atoms boundary and reduces the exchange interaction. The decoupling of the intergranular exchange inhibiting the domain wall propagation during magnetization is revealed. These results agree with that the coercivity increases with annealing temperature up.
IV. CONCLUSION
Granular Ag(t nm)/Fe(35 nm)/Ag(t nm) (t=1, 2, 3, 4, 5) films were prepared by DC magnetron sputtering, and subsequently in situ vacuum annealing at different temperature. Magnetic properties and microstructure of the films were systematically investigated as a function of silver layer thickness and annealing temperature. All samples show perpendicular coercivity larger than parallel coercivity. As-deposited samples have small coercivity and roughness. The minimum grain size is 4.4 nm, and grains distribute uniformly. Perpendicular coercivity 2600 Oe was obtained by adding 3 nm silver underlayer and overlayer, and in situ annealing at 500
• C for 30 min. By annealing, the silver atoms diffuse into the magnetic grain boundary to reduce the exchange interaction among magnetic grains. The segregation can increase the coercivity, and annealing can promote grain growth. Compared with other reports the coercivity is the maximum and the grains are distributed uniformly. We obtained excellent magnetic properties and microstructure. 
